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In addition, King (1991) found evidence of an inverse rela-independent of each other or, as suggested by overlap-gions of the Northern Hemisphere, with a few species extending into the subtropics (van Gelderen et al. 1994 ). ping relationships with leaf size, are they parts of a larger constellation of leaf and canopy characteristics in forest Based on morphological cladistic analyses, Acer and its sister group Dipteronia (one to two species in China and tree species? Second, do the phenotypic correlations observed among species reflect historical patterns of corre-Tibet), which make up the Aceraceae, are nested within the Sapindaceae and are most closely affiliated with the lated evolutionary change? Most studies of leaf size and canopy function have examined coexisting species within genera Diatenopteryx, Serjania, and Bridgesia (Judd et al. 1994) . A phylogeny based on rbcL sequences also identia particular community, and studies of related species (e.g., White 1983a; Givnish 1987; Chazdon 1991) have fies a clade composed of Sapindaceae, Aceraceae, and Hippocastanaceae but suggests that the latter are sister not formally incorporated phylogenetic information into comparative analyses. In recent years, advances in com-taxa (Gadek et al. 1996) . The fossil record of Acer dates to the late Cretaceous (100 m.y.b.p.) and implies a spread parative biology have made it possible to conduct explicit tests of correlated evolution, based on patterns of charac-from the Pacific Rim around the Northern Hemisphere during the Tertiary (Wolfe and Tanai 1987; Boulter et al. ter variation coupled with information on phylogenetic relationships among species (e.g., Harvey and Pagel 1996) . Morphological systematic studies of Acer have arranged the species into a number of well-supported sec-1991). For the study of continuous characters, Felsenstein's (1985b) method of independent contrasts provides tions (taxonomy in this article follows van Gelderen et al. 1994 , unless otherwise noted). However, previous treatthe most powerful quantitative tool to test for correlated evolutionary change underlying contemporary trait varia-ments based on overall morphology (Delendick 1981; van Gelderen et al. 1994) , leaf venation (Wolfe and Tanai tion and covariation (Garland et al. 1992; Pagel 1993) .
In this article, we present the first phylogenetic com-1987), and restriction fragment length polymorphisms (M. Hasebe, personal communication), as well as a proparative study of correlated evolution among leaf traits, canopy allometry, and tree life history, based on field visional phylogenetic analysis of morphological data (D.
Ackerly, unpublished analyses of data in Delendick studies and phylogenetic analyses of temperate, deciduous tree species in the genus Acer. We have two primary 1981), provide inconsistent or inconclusive results regarding the relationships among sections. Molecular phyempirical objectives. The first is an explicit test of a small number of a priori hypotheses of correlated evolution re-logenetic analyses have been conducted for a small number of Acer taxa, predominantly from Korea (Suh et al. lated to Corner's rules and sapling allometry, and a sensitivity analysis of these results with respect to uncertainty 1996; Cho et al. 1997) , but these are insufficient to resolve overall phylogenetic relationships within the genus. in the phylogeny. Second is a multivariate analysis, based on principal components analysis of independent conMaples exhibit considerable diversity in life history, regeneration ecology, seed size, leaf size, and canopy structrasts, to evaluate the predominant suites of coevolving traits and their relationship to two morphological proxies ture. Mature height ranges from 6-10 m in understory species (e.g., A. spicatum in North America; A. crataegiof tree life history: mature height and seed size. Simultaneously, we illustrate and explore several problems of folium in Japan) to 25-35 m in canopy species (e.g., A. saccharum, A. rubrum in North America; A. palmatum in methodology and interpretation that arise in phylogenetic tests of comparative ecological hypotheses. Our Japan), and there are both early and late successional species (e.g., A. rubrum and A. saccharum, respectively). methodological objectives include exploration of methods for handling multiple alternative phylogenetic hy-Seed size spans over two orders of magnitude, from 20 mg in A. rubrum to over 255 mg in the closely related potheses in comparative studies, in particular the role of sensitivity analyses and random phylogenetic trees, and riparian species A. saccharinum (Olson and Gabriel 1974) ; in all species, seeds are wind dispersed. There is the introduction of the Quantitative conVergence Index (QVI) to assess levels of parallel and convergent evolu-considerable variation in growth strategies within the genus; branch growth may be determinate (section Paltion (i.e., homoplasy) in continuous traits, and the relationship between levels of homoplasy and the overall mata) or indeterminate (e.g., A. rubrum), branch orientation plagiotropic or orthotropic, and apical dominance amount of evolutionary change in a trait. Randomization tests were also used to test for levels of homoplasy sig-of lateral branch growth strong or weak (Sakai 1990) .
Leaf length ranges from 5-10 cm (A. rubrum, A. palmanificantly less than or greater than expected by chance. tum) to Ͼ40 cm in A. negundo and in the aptly named A. macrophyllum. Acer species are important components Background on Maple Systematics and Ecology of forests in eastern North America and Japan and have been the subject of numerous studies in community ecolThe genus Acer includes approximately 125 species, primarily deciduous shrubs and trees of temperate forest re-ogy and regeneration biology (e.g., Canham 1988; Naka-shizuka et al. 1995) . Comparative studies of Acer have senting 32 Acer species, and one species of its presumed sister group Dipteronia (see appendix). Acer accessions documented significant interspecific variation in life history, morphology, and physiology and in the plasticity of included representatives of 12 of the 16 sections of the genus (van Gelderen et al. 1994 ; sections Wardiana, Trithese traits in relation to forest light environments (Lei and Lechowicz 1990, 1997; Sipe and Bazzaz 1994, 1995; foliata, Hyptiocarpa, and Pubescentia, with a total of 10 species, were not represented). Emphasis was placed on Tanaka 1995). Such variation among closely related species, occupying broadly similar habitats, makes Acer an selection of species included in the comparative study of sapling allometry, as well as on those included in previexcellent system to explore evolutionary correlations among ecological traits.
ous comparative ecophysiological studies (e.g., Lei and Lechowicz 1997) . Sequences of the internal transcribed spacer (ITS) reMethods gion of nuclear ribosomal DNA were utilized for phyloChoice of Species genetic analysis. The two ITS regions flanking the 5.8S nrDNA show moderately high levels of sequence diverOur study of ecological and morphological traits related to canopy structure focused on a set of 17 focal taxa, all gence and have proven useful for intrageneric phylogenetic analysis in flowering plants (Baldwin et al. 1995) . of which exhibit natural regeneration in forest understory in temperate deciduous forests of eastern North DNA extraction, amplification, and sequencing followed standard protocols, as described elsewhere (Eriksson and America and Japan. The decision to restrict the ecological component of this study to understory-regenerating spe-Donoghue 1997). Sequences were obtained using an Applied Biosystems 377 automated fluorescence sequencer cies was based on two considerations. First, canopy development and sapling allometry exhibit considerable (Applied Biosystems, Foster City, Calif.), and sequence output was captured and processed with Applied Biosysphenotypic plasticity in relation to light environments (e.g., Bonser and Aarssen 1994) . Differences observed tems software (Applied Biosystems 1992). Twenty-five accessions were newly sequenced as part of this study (in among species living in the common environment of the understory primarily reflect interspecific, evolutionary collaboration with S. Wiegrefe, Morton Arboretum, Lisle, Ill.), and 14 sequences were obtained from GenBank (indifferentiation rather than environmentally dependent variation. Second, the functional significance of leaf and cluding six duplicate accessions of species included in the sequencing above; Suh et al. 1996; Cho et al. 1997) . Secanopy traits is dependent on environmental conditions, so comparisons of values obtained in the understory are quences of three distant outgroups (Fabaceae: Vicia faba, Yokota et al. 1989 ; Malvaceae: Hibiscus costatus, Seelanan more ecologically meaningful. As described below, there is considerable life-history variation among the selected et al. 1996; and Malvaceae: Gossypium trilobum, Wendel et al. 1995) were also obtained from GenBank to test the species, although species that regenerate primarily in high light environments (e.g., Acer negundo, A. tschonoskii) assumption of Acer monophyly with respect to Dipteronia. were excluded. In order to minimize bias in species selection with respect to the ecological hypotheses tested here, Sequences for the 39 Aceraceae accessions were assigned numeric codes by a third party to prevent any bias all species encountered in each study site were included in the study if sufficient sample sizes were available (see during alignment. Sequences were aligned using Clustal W (Thompson et al. 1994) , and subsequently modified Westoby 1998; Westoby et al. 1998) .
by visual inspection, resulting in an aligned sequence length of 643 base pairs (bp; aligned lengths of 259, 164, Phylogenetic Analysis and 220 bp for ITS1, 5.8S, and ITS2, respectively). Eight distinct shared insertion/deletion (''indel'') regions were In order to conduct a comparative study of trait evolution in a sample of species selected from a larger clade recognized in the final alignment and were coded as binary characters for phylogenetic analysis (Baldwin et al. of interest, one would like to obtain the best estimate of phylogenetic relationships among those species. Short of 1995). One 60-bp region of ITS2 with ambiguous alignment was identified for inclusion/exclusion experiments. including all species of the clade in question in a phylogenetic analysis (which is neither practical for a large After completing the alignment of Aceraceae sequences, sequences of the three distant outgroups (Vicia, Hibiscus, group nor necessary in order to obtain a robust hypothesis of relationships), the best estimate of relationships and Gossypium) were added to the data set and visually aligned; this required the addition of 75 gaps within the among the focal taxa may be achieved by sampling a broad array of species, representing the major lineages Aceraceae alignment, but alignments among the Aceraceae sequences themselves were not altered. Parsimony within the clade. Our phylogenetic analysis of Acer was based on DNA sequence data from 39 accessions repre-analyses were conducted with PAUP 3.1.1 (Swofford 1993) . Heuristic searches were conducted with at least 10 simple relationship between seed size and overall shade tolerance or establishment environment (Foster and Janrandom addition replicates, and TBR branch swapping, MULPARS, and steepest descent options in effect. All se-son 1985; Kelly 1995; Grubb and Metcalfe 1996) . Here, we treat seed size as a potential correlate of seedling esquence positions and inferred base changes, as well as the indel characters, were weighted equally. Support for the tablishment ecology and conduct nondirectional tests of relationships with leaf size and canopy structure. Seed resulting clades was evaluated with bootstrap (Felsenstein 1985a) and decay analyses (Bremer 1988 ; Donoghue et sizes were obtained from published sources (Olson and Gabriel 1974; Tanaka 1995) supplemented by nondeal. 1992), the latter using the reverse constraint option in PAUP and AutoDecay software (Eriksson 1995) . DNA structive measurements of herbarium specimens combined with a calibrated regression of seed mass versus sequences have been deposited in GenBank (appendix) and the aligned matrix has been deposited in TreeBASE locule volume (r 2 ϭ 0.72, N ϭ 12, details not shown). (Sanderson et al. 1994) .
For comparative analyses, the resulting Acer phyloge-Sapling Allometry. The allometry of canopy structure was nies were pruned to show relationships among the 17 studied in naturally regenerating saplings of 17 species taxa for which we obtained the set of morphological growing in forest understory in two sites in eastern measurements described above (two of the 17 species North America and six sites in Japan (see locations in apwere added to the phylogeny based on independent mor-pendix). At least 40 individuals of each species were sephological evidence; see below). Methods have been de-lected for study (except A. palmatum, N ϭ 16) , and 13 veloped to handle polytomies resulting from the consen-of the 17 species were sampled at two or more sites (apsus of equally parsimonious trees (e.g., Grafen 1989; pendix). Saplings selected for study had at least one latPagel 1992); we opted to approach this problem by eral branch (generally Ͼ0.5 m tall) and were up to 2.5 m choosing one fully resolved tree for illustration (desig-in height. The distribution of sizes was inspected during nated tree number 1), and then to conduct sensitivity sampling to guarantee a broad representation within this analyses over all alternative equally parsimonious trees, as height range. Damaged individuals and saplings growing described below (cf. Losos 1994; Donoghue and Ackerly in or at the edge of large canopy gaps were excluded. In-1996) . dividual leaf area was estimated for each sapling based on the length of three leaves and independently derived regressions of leaf area versus length. The following paramComparative Data eters of sapling height and canopy size were measured on Based on the following procedures, a total of 32 traits each individual ( fig. 1 ): HT: plant height, measured vertiwere obtained from field and herbarium samples and published sources, including mature height and seed size as proxies of tree life history; eight shoot-level characters related to leaf, twig, and inflorescence size; bifurcation angle and dominance index of the terminal shoot in saplings (Sakai 1987) ; and estimates of slope and predicted value (ϭ elevation) based on 10 allometric analyses of sapling crown dimensions. (The full data set is available on request from D. D. Ackerly or see Ackerly 1998a).
Life-History Variables. Maximum height presents an important axis of life-history variation in forest trees, with important implications for light environments, physiology, and allocation (Givnish 1988; Thomas 1996) . Mature height values were obtained from floras and tree manuals (Canada Department of Forestry 1963; Ogata 1965; Phillips 1978) , and averages were used where multiple values were reported for a species.
Seed size is an important aspect of tree regeneration and dispersal biology, and variation among species is as- Figure 1 : Measurements of sapling size and crown dimensions sociated with capacity to survive defoliation and physical utilized for study of sapling allometry. Bivariate allometric reladamage, drought, and extended periods in deep shade or tionships derived from these measurements are summarized in darkness (Westoby et al. 1996) . However, there is not a cally from the ground to the highest leaf; SL: primary TA and TP versus CA, providing allometric analogs of leaf area index and growing tip density, respectively; and stem length, measured along the trunk to the uppermost growing tip; DM: basal stem diameter, measured at 1/10 TA versus DM, as a measure of leaf area display relative to stem conductive potential. of stem length; TL: total length of the trunk and all branches; TP: number of active growing tips (apical meriAllometric relationships are identified by concatenation of the X and Y variable codes, with an S or P apstems) in the crown; CA: projected crown area, based on the area of an ellipse, where d 1 and d 2 are the diameter pended to indicate the slope or predicted value, respectively (e.g., CATA-S indicates the slope of the regression of the crown in the major and minor axes (respectively) and CA ϭ πd 1 d 2 /4; CV: crown volume, based on an el-with crown area as the independent and total area as the dependent variable). All variables were ln-transformed, lipsoid, where d 3 is the depth of the foliage and CV ϭ πd 1 d 2 d 3 /6; and TA: total leaf area, the product of number and separate regression equations were calculated for each species. For 44 of the 170 cases (10 relationships ϫ of leaves and mean individual leaf area.
Allometric analysis was used to assess the trajectory of 17 species), nonlinear regression was used due to significant quadratic regression terms. Based on the regressapling development and canopy structure and as an analog of the ratios frequently used to describe plant sions developed for each species, the predicted value of the Y variable was calculated at the grand mean of the inform. For example, leaf area index for an individual plant can be calculated as the ratio of total leaf area to the pro-dependent variable to provide a comparison of the elevation of the regression lines across species (for nonlinear jected crown area; here we use the allometric relationship between these traits (leaf area vs. crown area) rather than regressions, the slope was calculated as the first derivative of the polynomial regression equation, evaluated at the their ratio (Coleman et al. 1994) . Type I regression was used for these analyses, with an explicit assignment of a grand mean). For HTCA, the predicted value of CA at a sapling height of 2.5 m (HTCA@2.5) was calculated dependent and independent variable, due to ease of statistical analyses, and the parallel to a ratio with numera-instead of HTCA-P, to facilitate direct comparison with previous studies (King 1990 (King , 1991 ; Kohyama and tor and denominator. (As discussed below, the r 2 's of these regressions were generally high, so the choice of re-Hotta 1990). ANCOVA, using linear regression for all species and designating species as fixed effects, was used gression model is not expected to alter strongly the results). Ten allometric relationships were chosen from the to test for significance of differences in elevation and slope for each relationship. 28 pairwise combinations of the eight variables, based on the following considerations (table 1) : CA, CV, DM, SL, TA, TL, and TP versus height (HT), providing a standard Branch Angles. Sakai (1987) studied canopy form in 20 Japanese Acer species, 14 of which were included in the basis for comparing canopy development in relation to sapling growth and vertical position in the understory; present study. He measured the bifurcation angle of the Note: Sample size is the total number of all saplings; there were 17 species in all cases. The grand mean of the X variable is the value at which the elevations of the allometric lines were compared (see text and fig. 4 ). Values of r 2 show mean, minimum, and maximum r 2 of the individual regressions for each allometric relationship across the 17 species. Nonlinear: number of individual species' allometric regressions that were significantly nonlinear (see text). For abbreviations, see figure 1.
terminal shoot (Bif, the angle between the leader and For H 5 , (leaf ϩ petiole) and (inflorescence ϩ peduncle) length were used to represent the length of the entire the dominant lateral) and the leader dominance index (Dom, the length of the leader divided by the sum of the vegetative and reproductive appendages.
Four relationships between leaf size, tree height, and leader and the lateral; it ranges from 0.5 for equal length branches to almost 1 when the lateral is very short). sapling allometry were examined as a test of whether these traits vary independently or are linked as suggested There was a negative relationship between these two parameters among the species in his study, and the two val-in the introduction to this article: H 6 , leaf size versus crown area (HTCA@2.5, negative); H 7 , mature height ues were used to parameterize a simple model of canopy architecture that predicted characteristic differences in versus crown area (HTCA@2.5, negative); H 8 , leaf area index (CATA-P) versus crown area (HTCA@2.5, negasapling form. For this study, the same variables were measured for the three North American species (A. pen-tive); and H 9 , leaf size versus leaf area index (CATA-P, positive). Hypotheses 6 and 7 test whether crown breadth sylvanicum, A. saccharum, and A. spicatum) and were combined with Sakai's published values for comparative in 2.5 m tall saplings is negatively correlated with leaf size or tree height (Givnish 1988; King 1990 King , 1991 analysis. Kohyama and Hotta 1990) . Hypothesis 8 tests whether leaf overlap (total area vs. crown area, the allometric Leaf, Inflorescence, and Seed Size. Leaf, twig, seed, and inflorescence size were measured from herbarium speci-equivalent of leaf area index) is lower in species with the putative broad crown, shade persistence strategy (Horn mens, as it was not possible to obtain reproductive material for all species in the field. Five specimens of each 1971), and H 9 is a corollary of H 6 and H 8 .
Finally, the negative correlation between sapling leader species were selected from the collections of the Harvard University Herbaria, with at least one complete repro-dominance and bifurcation angle (Sakai 1987 ) was reanalyzed, and the prediction that greater leader dominance ductive shoot present, and the following measurements were obtained: number of leaf pairs subtending the in-should be correlated with narrower crowns was tested:
H 10 , leader dominance versus bifurcation angle (negaflorescence; basal twig diameter at the bud scars below the current year growth; leaf length, leaf width, and peti-tive); and H 11 , leader dominance versus crown area (HTCA@2.5, negative). ole length on a representative leaf; inflorescence length (from the first branch to the most distal fruit); and peduncle length. In studies of leaf energy balance, effective
Comparative Methods leaf size (the diameter of the largest circle that can be inscribed in the leaf outline) is more relevant than total Three types of comparative analyses were conducted for this study: the quantitative convergence index (QVI, see size (Horn 1971; Givnish 1978) . In this study, we utilized leaf length and individual leaf area, which are more ap-below) was used to quantify levels of convergent evolution for each trait, based on the hypothesized phylogpropriate for light interception and the study of shoot allometry.
eny(ies); comparisons of pairs of traits, using independent contrasts, were conducted to test for correlated evolutionary change, based on a priori hypotheses as de-A Priori Hypotheses scribed above; and a multivariate analysis was conducted based on principal components analysis of independent A set of 11 prior predictions was chosen for explicit tests of correlated evolution among the characters available in contrasts to determine the primary constellations of coevolving traits among these species. Sensitivity analyses this study; the direction of the predicted relationships was specified (positive/negative) to allow one-tailed sig-were conducted for all analyses, by examining the range of outcomes over two sets of trees (cf. Richman and Price nificance testing, and sequential Bonferroni correction was employed to maintain table-wide α ϭ 0.05 error lev-1992; Losos 1994; Donoghue and Ackerly 1996; Martins 1996; Abouheif 1998): a set of 16 equally parsimonious els (Rice 1989). All analyses were based on correlations, as it is impossible to designate dependent and indepen-trees resulting from the phylogenetic analysis, and a set of 1,000 random trees generated by the MacClade equident traits from a biological perspective.
Five relationships arising from Corner's rules were ex-probable trees algorithm (Maddison and Maddison 1992) . The Macintosh software program ACAP (Ackerly amined: H 1 , twig thickness versus growing tip density per unit crown area (CATP-P, negative); H 2 , twig thickness 1998b) was used for all analyses. ACAP calculates independent contrasts, ahistorical and contrast correlations versus shoot leaf area (positive); H 3 , twig thickness versus individual leaf area (positive); H 4 , twig thickness versus between pairs of traits and values of QVI, and conducts significance testing of QVI based on randomization of inflorescence length (positive); and H 5 , leaf ϩ petiole length versus inflorescence ϩ peduncle length (positive). trait values and/or trait changes; it also facilitates sensi-tivity analyses by allowing batch processing of analyses based randomization methods, to test for levels of homoplasy greater or less than expected by chance (cf. Maddiover multiple phylogenies, using slightly modified ''nexus-format'' files generated by PAUP (Swofford 1993 (Swofford ) son 1990 . The set of evolutionary changes for each trait was calculated from the trait values reconstructed by linor MacClade (Maddison and Maddison 1992) . ear parsimony, based on the differences between basal and apical nodes of each branch. Trait evolution was Single Character Analyses. For each of the 32 traits, linear parsimony methods, which minimize the sum of recon-then simulated by selecting changes from this set and randomly assigning them to the branches of the tree, structed changes over the entire tree (Swofford and Maddison 1987) , were used to calculate the minimum generating a set of trait values among terminal taxa. Simulations were repeated 1,000 times, calculating QVI for amount of evolutionary change (L) for each trait over the phylogeny (this is the equivalent for continuous charac-each run, in order to calculate mean QVI and two-tailed critical values (α ϭ 0.05) to test for significant conserved ters of the minimum number of steps for a discrete character). For continuous traits, the algorithms for these re-and convergent trait evolution, relative to the null model.
Results reported here are based on MINSTATE reconconstructions are identical to those for ordered, discrete traits. We define a new index, the quantitative conver-structions (Maddison and Maddison 1992) and sampling of changes with replacement; the use of MAXSTATE regence index (QVI), to quantify the amount of convergent evolution in each trait. The QVI is based on methods for constructions and sampling without replacement did not alter the outcomes. We also examined randomizations of ordered, discrete traits and is equivalent to 1-Retention Index (RI; Farris 1989; see review in Archie 1996) . It is the original trait values across the tips of the tree, rather than randomizing reconstructed changes. However, this calculated as: approach does not incorporate the phylogenetic structure
inherent in trait evolution (T. Garland, personal communication), resulting in a null expectation of very high levels of convergent evolution. where L ik is the tree length of character i on tree k, and M i and m i are the maximum and minimum amounts of Calculation of Independent Contrasts. Phylogenetic indechange, respectively, given the same set of trait values pendent contrasts (Felsenstein 1985b) were calculated in over any conceivable phylogeny. These are calculated as: order to test for patterns of correlated evolutionary change among particular pairs of traits and among the entire suite of traits using principal components analysis.
Independent contrasts are calculated as the difference between the trait values of sister taxa (at either terminal or and internal nodes; N taxa provide N Ϫ 1 contrasts), provid-
ing a measure of evolutionary divergence in a trait that is independent of the divergence taking place among all where X ij is the trait value for character i and terminal other pairs of sister taxa. In order to meet the assumptaxon j, N is the number of terminal taxa, and X max(i) , tions of parametric statistics, independent contrasts are X min(i) , and X median(i) are the maximum, minimum, and usually standardized by dividing them by the standard median values, respectively, for trait i over all terminal deviation of the expected amount of change along each taxa (Swofford and Maddison 1987) . QVI varies from 0, branch (the branch length; Garland et al. 1992) . Howfor a trait in which phenotypically similar species are also ever, the determination of appropriate branch lengths is closely related, to 1, for a trait in which similar species difficult, as it depends on the specification of an approare distantly related and convergent evolution is max-priate model of trait evolution (Garland et al. 1992 ). For imized (cf. Maddison and Maddison 1992) . In addition, the results reported here, contrasts were calculated on the for ln-transformed trait values, L i provides a directly basis of equal branch lengths; branch lengths based on comparable measure of the amount of evolutionary Grafen's (1989) clade diversity method, on topological change, as each change of one unit is equivalent to a pro-node depth, and on trait changes calculated with portional change of 2.718 times in the absolute trait squared-change parsimony (Maddison 1991) were also value. As all traits were evaluated over the same phylog-examined, but in each case results were quite similar to eny, differences in the total amount of evolution corre-those reported here (results not shown). spond to differences in mean rate of change among traits, though the total amount of evolutionary time repre-Pairwise Trait Correlations. The Pearson correlation coefficient was calculated from the species data, without consented on this phylogeny is not known.
Significance of QVI was examined using parsimony-sidering the phylogeny, as a descriptive statistic measur-ing the degree of association between the traits among with weak support for deeper nodes. In order to select a tree for illustration, the parsimony analysis was repeated contemporary taxa (AC ϭ ahistorical correlation). To test the hypothesis of correlated evolution between pairs with the ambiguous alignment region included; this resulted in two equally parsimonious trees of length 707, of traits, correlations of independent contrasts (CC ϭ contrast correlation or evolutionary correlation) were both of which were among the 36 trees found in the initial analysis. The consensus of these two trees, with bootcalculated using the coefficient of correspondence (a correlation analysis forced through the origin, because the strap (N ϭ 100) and decay values for each node (based on the entire sequence data set), is shown in figure 2. All sign of the contrasts of each pair of data points is arbitrary; see Garland et al. 1992 for details of computation). branches with decay values ϭ 1 collapse in the strict consensus of the 36 trees found in the initial analysis. Two CC in this article corresponds to the FL1P statistic in Martins and Garland (1991) . Exact significance values for additional species that were included in field sampling, but from which we were unable to obtain ITS sequences, CC results, which were needed for Bonferonni corrections, were determined by Monte Carlo simulation, based were added to the phylogeny based on morphological taxonomy: A. amoenum was added as the sister taxon of on 1,000 randomizations of independent contrast values, to obtain null distributions for the coefficient of corre-A. palmatum (these are considered subspecies by van Gelderen et al. 1994) , and A. tenuifolium was added as spondence. Alternative null models that incorporate phylogenetic structure into the randomization process are the sister taxon of A. shirasawanum (these are also considered subspecies by van Gelderen et al. 1994 and were currently under development (T. Garland, personal communication).
identified as sister taxa in a morphometric analysis by Chang 1991) . Note that the placement of these taxa, while based on morphological criteria, was not influPrincipal Components Analysis. Finally, patterns of multivariate correlated evolution were examined using Princi-enced by the ecological and allometric traits analyzed here. pal Components Analysis (PCA, DataDesk 5.0; Velleman 1995), with independent contrasts as the raw input data.
The results of our phylogenetic analysis are consistent with many aspects of Acer morphological systematics but Because the sign of each contrast is arbitrary, the contrasts corresponding to each node were entered into two suggest several novel relationships. Three well-supported clades in this analysis correspond to sections Palmata, data rows, with the signs reversed in the second entry. This is a simple technique to guarantee that the principal Rubra, and Platanoidea (van Gelderen et al. 1994) . The species of section Macrantha fall into two lineages, correcomponents axes will pass through the origin, as required for independent contrasts. The loadings from the sponding to the series Tegmentosa and Micrantha proposed by Pojárkova (1949); these are directly linked in unrotated factor matrix were used to identify the suites of coevolving characters associated with the first two trees requiring one additional step. The relationships between sections Rubra and Acer (including A. saccharum) principal components. and between A. macrophyllum and section Platanoidea were suggested by Mai (1984) . In contrast, the connecResults tions between A. distylum and A. ginnala, and between A. Phylogenetic Analysis spicatum and A. negundo, have not been previously suggested. Our analysis also strongly supports the placement Preliminary analyses were conducted using all taxa, ITS sequence positions and indels, with and without the re-of A. oblongum within section Palmata (cf. Cho et al. 1997) . Four of the six pairs of duplicate accessions (A. gion of ambiguous alignment, using Vicia, Gossypium, and Hibiscus for rooting purposes. These analyses re-buergerianum, A. platanoides, A. spicatum, and A. ginnala) were strongly supported as monophyletic, while in sulted in a total of 61 trees, and in the strict consensus of these trees all Acer species formed a clade (united by 10 two cases the accessions did not appear together. In the case of A. mono, this may reflect extensive intraspecific unambiguous synapomorphies), with Dipteronia as the sister group. In all subsequent analyses, only Dipteronia variation and difficulty in establishing species limits in section Platanoidea. The separation of A. japonicum acwas included for rooting purposes.
Parsimony analysis of the Acer ITS data set, excluding cessions requires further attention; for our comparative analyses we chose our accession (number 1) because it is the region of ambiguous alignment and including the indel characters, resulted in 36 equally parsimonious trees of Japanese origin and because the voucher specimen was available to us. Many of the deeper nodes in our ITS of length 623 and CI ϭ 0.58. The strict consensus of these trees indicates consistent support for several higher trees were weakly supported, highlighting the importance of sensitivity analyses that incorporate phylogenetic unlevel lineages (e.g., sections Palmata and Platanoidea), Figure 2 : Consensus of two most parsimonious ITS trees representing 34 Acer species and Dipteronia sinensis (accession information is provided in appendix; accessions marked with * were obtained from GenBank). Numbers above and below branches are bootstrap (N ϭ 100) and decay values, respectively; unlabeled branches had bootstrap Ͻ50 and decay ϭ 1. Taxonomic sections and series, following van Gelderen (1994) , are listed on the right, with the total number of species in parentheses. Series Micrantha and Tegmentosa of section Macrantha were recognized by Pojárkova (1949) but were not included in van Gelderen et al. (1994) . ITS sequences were not obtained for two species included in our comparative studies (A. amoenum and A. tenuifolium; see the dashed branches), and these were added based on morphological taxonomy (see text). Four sections with a total of 10 species (Wardiana, Trifoliata, Hyptiocarpa, and Pubescentia) were not represented in the analysis. certainty. Definitive answers to many questions in Acer magnitude between species (table 2: characters 1-13).
For all traits in which intraspecific variation was available systematics await further study with additional genes and taxa.
to permit statistical testing, differences between species means were highly significant (ANOVA results not For our comparative analyses, the 36 trees obtained in the analysis described above were pruned to show only shown). Figure 4 illustrates intraspecific allometric relationships, in this case the regression of growing tip numthe 17 species for which we obtained morphological measurements. After pruning, there were 16 topologically ber on crown area for four species with contrasting tip density. Elevation of each regression line was calculated distinct trees. Figure 3 shows the first of these 16 trees; this corresponds to one of the two trees supported by the at the grand mean X value, indicated by the vertical dashed line. For the entire study, the r 2 of the individual entire sequence data set and is designated tree number 1 for illustration. All analyses were conducted over the en-species regressions ranged from 0.658 to 0.989, and the mean r 2 for the 10 allometric relationships ranged from tire set of 16 trees to assess the sensitivity of the results to phylogenetic uncertainty.
0.841 to 0.948 (table 1) . The elevation values are expressed in the units of the respective Y variables (lntransformed), so comparisons of the absolute values Interspecific Character Variation across the different relationships are not meaningful. The slopes express the allometric coefficients for each relaSize related traits at the leaf, inflorescence, and branch level exhibited at least a fourfold range of variation, and tionship (table 2) . Values range from around 1, for isometric relationships in which the two variables increase both seed size and leaf size varied by over an order of (A. palmatum and A. pensylvanicum) were paired, and so on to construct the overall phylogeny (Maddison and Maddison 1992) . The reconstructed evolution of leaf size on tree number one (L 9,1 ) was 8.33 ln units, corresponding to a 4,000-fold cumulative change over all lineages. Therefore, QVI 9,1 ϭ 0.87, suggesting a very high level of convergent evolution in leaf size. The null expectation of QVI based on 1,000 randomizations of reconstructed evolutionary changes in leaf size on tree number 1 (QVI 9,R1 ) was 0.48 (Ϯ0.186 SD), and the observed value of 0.87 was significant relative to the null distribution at P ϭ .036. Values of QVI over the 16 parsimonious trees ranged from 0.62 to 0.98, indicating that estimates of convergence are highly sensitive to alternative trees. Over an average of 0.72, based on tree number 1. Values based on randomized trait changes (QVI i,1 R1) ranged from in proportion to each other (e.g., HTDM, stem diameter 0.36 to 0.49, with an average of 0.45. Seven traits (includvs. height), to around 3, indicating that the dependent ing mature height and leaf size; see table 2) exhibited sigvariable increases in proportion to the third power of the nificantly elevated convergence, but no traits were independent variable (e.g., HTCV, crown volume vs. significantly conserved, based on a two-tailed, P ϭ .05 height). ANCOVA (not taking into account nonlinear re-significance level. However, for all 32 traits, there was a lationships) indicated that there were highly significant wide range of QVI values over the 16 parsimonious trees, differences among species in both the slope and elevation and there was no case where significant trait convergence of all 10 relationships. Due to the significant differences was observed across all of the alternative trees. Means among slopes, differences in the elevation of the species and standard deviations of QVI over 1,000 random trees regressions may not be maintained over the entire range were much higher than those for the randomized of the independent variables. changes, and in fact were identical to the values obtained by randomizing trait values themselves across the tips of a single phylogeny (results not shown). Minimum and Character Evolution and Homoplasy maximum values of QVI over random trees ranged from Յ0.5 to 1 in all cases, again illustrating the enormous The calculation of minimum, maximum, and reconstructed amount of evolutionary change, under linear importance of the phylogenetic hypothesis for estimating levels of convergent evolution. parsimony, is illustrated for leaf size ( fig. 3 ; character 9 in table 2). Among the 17 species included in this study, Minimum, maximum, and reconstructed amounts of change can be compared among traits measured in simi- [2]) from 0.42 (1.5-fold, for HTSL-P) to 3.73 (41.6-fold, for HTTP-P). The reconstructed amount of evolutionary that could have occurred given the observed leaf size value is 10.43, corresponding to cumulative changes of change on tree number 1 (L i,1 ) ranged from 1.13 (3.1-fold, again for HTSL-P) to 13.02 (4.5 ϫ 10 5 -fold, again 34,000-fold. This maximum change, representing the highest possible level of convergent evolution, would be for HTTP-P). Among these 19 traits, there was no correlation between QVI i,1 and L i,1 (R ϭ Ϫ0.035, P Ͼ .5), the observed on a phylogeny in which the species with the most disparate leaf sizes (A. tenuifolium and A. nipponi-level of convergent evolution, and the amount of evolutionary change, respectively. For the slopes of the 10 allocum) were sister taxa, then the next most disparate taxa figure 3 . P: one-tailed significance of CC calculated by randomization. Critical values for significance testing based on sequential Bonferroni correction (Rice 1989) ; N ϭ 17 for all tests. CC, minimum and maximum: minimum and maximum values of CC over 16 alternative phylogenies. Number significant: number of significant CC correlations over 16 alternative phylogenies, based on randomization tests. CC RT : X (ϮSD), minimum, and maximum values of CC calculated over a set of 1,000 randomly generated trees.
a Not significant; P Ͼ corrected critical value. * P Ͻ corrected value. ** P Ͻ 1 /10 of corrected value. metric relationships, m i ranged from 0.17 (1.18-fold, for and crown breadth (H 7 , fig. 5E, F) . For the first nine tests, the ahistorical correlations (AC) were generally CATA-S) to 1.4 (4.0-fold, for HTTL-S), and L i ranged from 0.64 (1.6-fold, again for CATA-S) to 3.8 (45-fold, comparable to the evolutionary correlations (CC) resulting from the comparative analysis. for HTTP-S). There was a positive but nonsignificant correlation between QVI i,1 and L i,1 (R ϭ 0.40, P Ͻ .3).
The negative correlation between leader dominance index and bifurcation angles (H 10 ), as reported by Sakai (1987) , was strong for the ahistorical analysis (AC ϭ Pairwise Trait Correlations Ϫ0.796), but the magnitude of the correlation was markedly reduced in tests of independent contrasts, and the Significant correlations were observed for five of the 11 a priori tests, based on independent contrasts calculated on contrast correlation (CC ϭ Ϫ0.287) was not significant ( fig. 5G, H) . Leader dominance was not correlated with tree number 1 (table 3). Correlations related to Corner's rules were significant as predicted (H 1 -H 3 , H 5 ): positive crown breadth (H 11 ). The reduction in the magnitude of these correlations occurred because a low dominance incorrelations between twig thickness and both shoot leaf area ( fig. 5A, B) and individual leaf area; a negative cor-dex and high bifurcation angles were observed only in A.
carpinifolium and in the five species of section Palmata; relation between twig area and density of growing tips; a positive correlation between the length of vegetative and consequently, marked evolutionary change was concentrated in only two divergence events, subtending these reproductive appendages (leaf ϩ petiole vs. inflorescence ϩ peduncle) ( fig. 5C, D) . The correlation between twig taxa, providing weak evidence for a statistical association in the evolutionary changes of these traits. The strong thickness and inflorescence length (H 4 , CC ϭ 0.59) was not significant on tree number 1 following Bonferroni evolutionary conservation of these two traits is confirmed by their low values of the QVI (0.37 and 0.35, respeccorrection, but was significant on 11 of the 16 alternative phylogenies. In addition, there was a highly significant tively; table 2).
Sensitivity analyses indicated that the results of these positive correlation between leaf size and leaf area index (H 9 ). In contrast to predictions based on previous studies tests were generally robust over the set of 16 parsimonious trees; the minimum and maximum values of CC of allometry and tree life history, there was no correlation between leaf size and crown breadth (H 6 ) or be-measured over the alternative trees were generally within 0.1 of the value on tree number 1. Significant results retween crown breadth and leaf area index (H 8 ), and only a weak, nonsignificant correlation between tree height mained significant over at least 11 of the 16 alternative trees, and the nonsignificant results were nonsignificant over all alternatives (table 3) . In contrast, a wide range of evolutionary correlations was observed over the 1,000 random trees, in particular for correlations that were initially lower in magnitude. For example, for H 6 the CC on the parsimonious trees ranged from Ϫ0.14 to Ϫ0.02, but on the random trees the corresponding range was Ϫ0.70 to 0.1. This wide range illustrates that alternative phylogenies do exist that lead to markedly different conclusions regarding some of these tests. Furthermore, the mean value of CC calculated over the 1,000 random trees was virtually identical to AC, the ahistorical correlation in the absence of a phylogeny. In other words, the mean correlation over all possible phylogenies is equivalent to the correlation in the absence of any phylogenetic information, suggesting that random trees provide little guidance in estimating evolutionary correlations (Abouheif 1998; cf. Martins 1996) .
Character Constellations: Principal Components Analysis
Principal components analysis of independent contrasts provides an overall picture of multivariate patterns of correlated evolution among traits (Bauwens et al. 1995; cf. Faith and Belbin 1994) . The first and second axes of the PCA explained 39% and 17%, respectively, of the variation in the independent contrasts for the 32 traits in this study. The variation explained by each axis and the weightings of individual characters were quite similar for contrasts calculated over all 16 alternative trees, and the results in figure 6 show the mean (Ϯ1 SE) of the unrotated factor scores for each trait on the first two axes.
The first axis reflected Corner's rules, with very strong positive covariation among twig thickness, shoot leaf area, leaf size, and, to a lesser extent, both inflorescence length and seed size ( fig. 6 ). These traits were negatively associated with number of growing tips per unit crown Figure 5 : Illustrations of pairwise correlations between traits for area and height (CATP-P, HTTP-P), total shoot length species values (AC correlations, on left), and corresponding versus height (HTTL-P), and main stem length versus plots for independent contrasts (CC correlations, on right). A, height (HTSL-P; i.e., large-leaved species had more verti- saccharum and A. carpinifolium; if this point is excluded CC de-metric parameters. The four most important traits were clines to Ϫ0.13); G, H, H 9 , bifurcation angle versus leader dom-HTDM-P, HTTA-P, HTCV-P, and HTCA@2.5, all with inance index. Correlation coefficients correspond to results in negative scores, indicating covariation in stem diameter, table 3. All traits in A-F were ln-transformed, and original crown area, crown volume, and total leaf area in saplings measurement units are listed in table 2. of equivalent height. Seed size was positively associated with the first axis, and negatively with the second. Mature height was positively associated with both axes, but the individual loading factors were lower than those for seed size. This reflects the weak negative relationship, as discussed above (H 7 ), between sapling crown size and Figure 6 : Arrangement of 32 traits in this study along first two principal components axes, constructed from independent contrasts. Points represent the mean factor loading (Ϯ1 SE) resulting from analyses over 16 alternative parsimonious phylogenies. Axis 1 (37% of the variation) corresponds to Corner's rules with associations among twig thickness, shoot leaf area, tip density, and related traits. Axis 2 (17%) reflects evolution of sapling allometry, particularly crown breadth, canopy leaf area, and trunk diameter, for saplings compared at a similar height. Trait abbreviations follow table 2, figure 1 , and text. species stature. Contrast correlations between individual size and inflorescence size (we examined leaf ϩ petiole and inflorescence ϩ peduncle length as these are more leaf size and HTDM-P were positive and significant over eight of the 16 parsimonious trees, indicating a possible indicative of the space these appendages occupy in the crown). There was also a very strong negative correlation, relationship between leaf size and trunk diameter; no other correlations between leaf size and these four allo-corresponding to Corner's first rule, between twig diameter and branching density, which we determined from metric parameters were significant. As discussed below, the second axis of the PCA may be related to sapling the allometry of number of growing tips in relation to sapling height and crown area. These results confirm preshade tolerance, though the evidence is not conclusive.
vious studies addressing twig thickness, leaf size, and branch density (e.g., White 1983a) and regarding the asDiscussion sociations between leaf and inflorescence size (Midgley Allometry of Leaf, Twig, and Inflorescence Size and Bond 1989) . The evolution of larger leaves, thicker twigs, and sparser branching was also correlated with The most striking patterns in the evolution of canopy structure in Acer involve the constellation of traits associ-greater seed size and, to a lesser extent, with maximum tree height ( fig. 6 ). ated with Corner's rules (the first axis of the PCA results). The strongest relationship was the positive correlaEarly work on branch and appendage size in plants focused on developmental constraints and ontogenetic tion between twig diameter and shoot leaf area (leaf number ϫ individual leaf size); significant positive corre-changes related to meristem size, which would result in large inflorescences and leaves on large shoots (Sinnott lations were also observed between twig diameter and both individual leaf area and inflorescence length, corre-1921; Troll 1937 Troll , 1939 ; see discussion in Chazdon 1991).
However, there are various exceptions of plants with sponding to Corner's second rule regarding the size of appendages (Hallé et al. 1978) . Consequently, there was large axes producing narrow, often strap-like leaves (e.g., some Espeletia species), suggesting that meristem size also a positive correlation between the evolution of leaf may put an upper limit on leaf size, but not a lower not shown). Thompson and Rabinowitz (1989) hypothesized that in species with wind-dispersed seeds (such as limit. A variety of adaptive explanations have also been considered (White 1983a; Primack 1987; Chazdon 1991) , Acer), larger plants would potentially have larger seeds because the greater height of release would compensate including the following: twig thickness should scale with the total mass of leaves and reproductive structures to for the reduced dispersability of the larger seed. Rees (1996) found a significant correlation (based on the analmaintain biomechanical stability under the stress of weight and wind (Niklas 1993 (Niklas , 1994 ; larger leaf area re-ysis of independent contrasts) between seed size and plant height in wind-dispersed species of the Sheffield quires greater xylem area for supply of water, also leading to a larger twig (Shinozaki et al. 1964) ; and if the leaves flora, but not in animal-dispersed ones, supporting this hypothesis. on a branch are the primary carbon source for fruit maturation, then leaf size (scaled by photosynthetic rate) may be directly related to inflorescence size and total Sapling Allometry and Tree Life History fruit mass (Primack 1987) . It is likely that all of these factors play a role, depending on the particular environ-The traits associated with the second PCA axis are all related to the allometry of sapling crown dimensions, inmental and life-history characteristics of different groups of species, but critical tests to distinguish their relative cluding positive correlations among total leaf area, projected crown area, and trunk diameter (the pairwise importance have not been conducted.
In addition, none of the hypotheses above explain the contrast correlation for HTTA-P and HTDM-P was 0.75). These are precisely the traits that various authors correlation of leaf and branch size with branching density. The number of growing tips on a plant limits the have suggested are related to dynamic strategies of light harvesting in the forest understory (Kohyama 1987 ; number of locations for production of both leaves and inflorescences (particularly if inflorescences are terminal Kohyama and Hotta 1990; Givnish 1988; King 1990 King , 1991 . Species with broad crowns (relative to height) on the branches). As a result, there may be simultaneous size/number trade-offs for leaves and inflorescences in maximize current light harvesting in the shade; those with narrow crowns reduce light interception but maxrelation to whole plant leaf area and reproductive output, respectively (cf. Venable 1996). Thus strong selection on imize the opportunity to exploit increases in light availability associated with gap formation (Kohyama and either leaf size or inflorescence size could drive the evolution of this constellation of characters. Inflorescence size Hotta 1990; cf. Sakai 1995) . On the basis of our quantitative results alone, we cannot identify the life-history sigand number can influence both male and female reproductive success, depending on pollination mechanisms nificance of this variation. However, based on knowledge of the individual species ecology, it does appear that and breeding system (Schoen and Dubuc 1990; Fishbein and Venable 1996) . In the dioecious South African genus crown size is related to shade tolerance. (Note that here we address trait values in the terminal taxa, rather than Leucadendron, Bond and Midgley (1988) observed marked sexual dimorphism in inflorescence size, twig the independent contrasts that are the inputs to the PCA.) Four of the five species with smallest canopy leaf thickness, and leaf size and suggested that the dimorphism is the result of sexual selection on floral display area, A. crataegifolium, A. mono, A. micranthum, and A. saccharum, are understory to canopy species that grow and pollination success. Acer exhibits a complex array of breeding systems (de Jong 1976) and pollination biology rapidly in gaps and either reproduce at small stature (Ogata 1965; D. Ackerly, unpublished observations) or (Matsui 1991) . It is possible that the evolution of these reproductive traits, and their effects on inflorescence size, reach maturity in the canopy after several gap opening and closure events (Canham 1985; Peters et al. 1995) . have been important factors in the evolution of leaf size and canopy architecture, but we do not have direct evi-The five species with the largest canopy leaf area are A. shirasawanum, A. tenuifolium, A. carpinifolium, A. japonidence for this hypothesis at this point.
Seed size and maximum tree height in Acer were also cum, and A. pensylvanicum, all considered moderately to strongly shade tolerant (e.g., Ogata 1965; Hayashi 1969; positively correlated with twig diameter and associated traits ( fig. 6 , pairwise correlations not shown). Positive Hibbs and Wilson 1980) . Correlations with leaf thickness provide additional, though weak, support for this interinterspecific correlations between seed size and leaf size have been reported in several genera (Primack 1987; pretation. In temperate species, leaves are generally thinner in more shade-tolerant species (Givnish 1988; NiiAndersson 1993) , but these relationships have not figured prominently in the literature on the comparative ecology nemets and Kalevi 1994; but see Reich et al. 1992) . For 12 of the species in this study, which were also included of seed size (e.g., Westoby et al. 1996) . Seed size in Acer was also positively correlated with species height (pair-in Powers's (1967) study of leaf thickness in Aceraceae species growing in a common environment, the correlawise correlation based on independent contrasts, results tion between leaf thickness and total crown leaf area rated photosynthetic rate. These traits are also associated with whole plant allocation patterns and seedling growth (HTTA-P) was Ϫ0.4 (not significant based on this small sample size), suggesting that broad crown species have rates (Reich et al. 1992 ) and with light environments in forest tree species (e.g., Williams et al. 1989 ). However, thinner leaves. Based on these considerations, we tentatively conclude that the second PCA axis is associated leaf size was not correlated with these functional traits (P. Reich, personal communication) , again suggesting with shade tolerance, supporting earlier studies of the importance of sapling allometry in relation to forest tree that leaf size evolution may be largely independent of these regeneration-related characteristics and that more life history.
The importance of these results is that the first and attention must be paid to the allometric relations among leaf size, inflorescence size, branch thickness, and branchsecond axes of the principal components analysis are, by definition, orthogonal and independent of each other. ing density. There was no correlation between leaf size and crown area, and only weak negative correlations of crown area, Variation and Convergent Evolution canopy leaf area, and stem diameter with tree height and seed size (results not shown). If the second axis is in fact In this study, we have introduced the quantitative convergence index (QVI), a parsimony-based method deconnected to shade tolerance, this means that the evolution of leaf size and seed size are largely independent of rived from the consistency and retention indices (Farris 1989; Archie 1989 Archie , 1996 , to evaluate levels of convergent shade tolerance in Acer. This runs counter to the view that high light environments favor smaller leaves, but in evolution (i.e., homoplasy) in continuous ecological and morphological characters. We have introduced QVI to fact the relationship between leaf size and light environments is highly variable. Within species, smaller leaves distinguish its application to continuous characters and to emphasize our interest in evolutionary convergence are almost always observed in high light, due to direct responses to environment (except in very deep shade as rather than the ''retention'' or ''consistency'' of traits on a phylogeny. For continuous characters, it is not possible overall growth declines). Across species, patterns are less consistent. In forest herbs, Givnish (1987) demonstrated to map discrete instances of character change or homoplasy onto the phylogeny, but the total amount of evoluthat spring ephemerals, which experience high light before canopy closure, have smaller leaves than summer-tionary change (analogous to number of steps) can be calculated based on either linear (Swofford and Maddigrowing species. However, in temperate woody plant species, Niinemets and Kalevi (1994) found only a very weak son 1987; fig. 3 ) or squared change parsimony (Maddison 1991) . We have chosen linear parsimony methods negative correlation between leaf size and growth light levels. In tropical forest trees, a wide and largely overlap-due to the simplicity of calculating minimum and maximum tree lengths; we do not suggest that this provides ping range of leaf size is observed across early and late successional species; in fact, the largest and smallest an intrinsically superior model of trait evolution.
QVI ranged from a low of 0.35 for leader bifurcation leaved species in tropical forests are often found among high light, early successionals (Ashton 1978 ; cf. Ackerly angle to a high of 1 in petiole length and number of leaf pairs per shoot. Traits related to Corner's rules (twig 1996) . The large-leaved species are apparently found on sites with higher moisture and soil fertility (T. Givnish, area, leaf size, etc.) and the life-history traits seed size and mature height all had relatively high QVI values, personal communication) and possibly with less wind (P. Ashton, personal communication), but these patterns suggesting high levels of convergent evolution. The lowest values were observed for the shoot bifurcation angle have not been carefully examined.
Overall, the results of this study suggest the relatively and dominance index, inflorescence length, and several allometric traits (including some associated with the secindependent evolution of two suites of traits in Acer, one related to leaf size and twig thickness, and the other in-ond axis of the PCA). The low QVI for bifurcation angle and shoot dominance reflects the evolutionary shift in volving various aspects of sapling allometry. Maximum height and seed size are more strongly associated with the branching architecture shared among species in section Palmata. Growth in these species is determinate and first set of traits, while shade tolerance and regeneration ecology may be more closely correlated with the second. sympodial, as the apical meristem either flowers or aborts at the end of the growing season and lateral branches exFurther research to resolve these patterns should focus on studies of leaf structure and function and on field tend from the uppermost node. This leads to high bifurcation angles between the two laterals (65°-80°), and low studies of seedling growth and regeneration. Reich et al. (1997) have documented consistent patterns of covaria-dominance values (approximately 0.6) as they tend to be similar in length. In contrast, extension growth in most tion, in widely contrasting habitats, among leaf mass per area, leaf nitrogen content, leaf life span, and light satu-other species (except A. carpinifolium, in this study) is monopodial, with bifurcation angles of 40°-60°and theoretical expectations under the Brownian motion model. If two traits evolve with a correlation ρ between dominance values of 0.7-0.9 (Sakai 1990 ).
Significant convergent evolution was only detected for the changes occurring in each generation, then the expected value of both the ahistorical and the contrast corseven traits, and no traits were significantly conserved. Mean QVI values based on randomized changes were rel-relations will also equal ρ. However, the variance in the correlation coefficients resulting from multiple evoluatively low (0.36-0.49), due to the similarity among close relatives that occurs under a phylogenetically structured tionary ''runs'' will be much greater for the ahistorical correlation (Martins and Garland 1991) . As a result, disnull model. In this study of 17 taxa, critical values (twotailed, α ϭ 0.05) for detection of significant conserved or crepancies between the ahistorical correlations and evolutionary correlations are to be expected, although there is convergent traits were approximately 0.19 and 0.85, respectively, reflecting the broad distribution of outcomes little or no overall bias in the direction of the differences (cf. Price 1997). On the one hand, divergences in deep for randomized changes. Critical values based on randomizations of an artificial data set were 0.25-0.77 on a nodes, coupled with reduced divergence within the descendent lineages, can create strong correlations among 32-taxon tree, and 0.23-0.59 on a 100-taxon tree, indicating that the critical significance values become less traits in extant taxa, even if the correlations in the underlying evolutionary changes are weak. This is the pattern stringent with increasing number of taxa. Results of randomizations are also sensitive to tree topology and the that is illustrated by Felsenstein (1985b, fig. 7 ) and Maddison and Maddison (1992, p. 28) and that is most fredistribution of trait changes (results not shown), so simulation methods are the only reliable approach to sig-quently invoked to justify the importance of calculating independent contrasts. On the other hand, the converse nificance testing. It is important to note that randomization of trait values on the tips of the tree, rather than can also happen, where a deep divergence masks subsequent correlated evolutionary change such that correlarandomization of changes on the branches, led to much higher values of QVI as there is no tendency for close rel-tions among extant taxa are weakened. The differences in the outcome of analyses conducted with and without a atives to be phenotypically similar. Analyses over random trees resulted in an identical outcome because species are phylogeny are of considerable interest and may reveal important patterns in the evolution of a trait or potential paired with each other in the phylogeny without respect to their phenotypic resemblance.
departures from the Brownian motion model that deserve further attention (Price 1997). For traits measured on a ln-transformed scale, and for the slopes of the allometric relationships, there was not a Several authors have argued that if there is no significant ''phylogenetic effect'' on variation in a particular significant relationship between QVI and the total amount of reconstructed evolutionary change (L). Thus, trait, then analyses using independent contrasts or other phylogenetic methods are not necessary. For example, for these traits the amount of convergent evolution is independent of the total amount of evolutionary change Gittleman and Luh (1992) suggested that traits of interest first be examined using hierarchical ANOVA, and if most (and hence the mean rate of evolution, since all traits were evaluated over the same phylogeny). This contrasts variation is found at the species level, then the influence of common descent is low and the ahistorical correlawith simulations of discrete character evolution, in which greater rates of evolution result in more frequent rever-tions may be a reliable guide to correlated evolution. We have found some support for this proposition based on sals among the limited set of states and thus greater homoplasy (Givnish and Sytsma 1997) . our calculations of QVI (which avoids the problems of taxonomic ranks associated with hierarchical ANOVA). Based on all 32 traits, we calculated 496 pairwise correlaIndependent Contrasts and Correlations tions with and without consideration of the phylogeny (AC vs. CC, fig. 7A ), and then calculated the absolute The discussion of trait correlations above focused on the correlations between traits derived from the analysis of value of the difference between the two coefficients as a measure of the discrepancy between the ahistorical and independent contrasts. Overall, the results obtained from the phylogenetic analyses were comparable to ahistorical phylogenetic correlation analysis. A regression of this difference versus the mean QVI for the two traits involved correlations calculated directly from the species values (cf. values of AC with CC in table 3). Ricklefs and Starck in each correlation was negative and highly significant (P Ͻ .001), though it explained only a moderate portion (1996) and Price (1997) recently reviewed applications of the independent contrast method and also found a of the variance (r 2 ϭ 0.249, fig. 7B ). Therefore, for traits with more homoplasy, the ahistorical and evolutionary strong correspondence of the results of both correlation and regression analyses conducted with and without con-correlations tended to be more similar, but individual cases can still vary considerably in their outcome. It is sideration of phylogeny. These results are consistent with worth remembering that the calculation of QVI or hierarchical ANOVA require a phylogenetic hypothesis to begin with (albeit a crude one for the latter approach), so we recommend incorporating whatever phylogenetic information is available into comparative tests.
Phylogenetic Sensitivity, Random Trees, and Randomization Tests
The correlation analyses conducted for this study were examined over a set of 16 alternative, equally parsimonious phylogenies resulting from the phylogenetic analysis of ITS sequence data and also over a set of 1,000 random trees generated by the MacClade equiprobable trees algorithm. The correlation results were quite robust over the alternative trees, similar to our results for over 7,000 alternative seed plant rbcL phylogenies (Donoghue and Ackerly 1996). One of the features of independent contrasts is that they are calculated from the tips down and are not influenced by changes in ancestral or sister lineages. As a result, the movement of a particular clade within the phylogeny will only alter the contrasts in nodes ancestral to the clade's former and subsequent position. Therefore, rearrangements of major groups within a phylogeny may have the least effect on the overall analysis because they will affect the fewest individual contrast values. This is of particular importance in this study, in which the deeper nodes of the phylogeny are least well supported. The results of the correlation analyses were also fairly robust to the alternative methods of calculating branch lengths and contrasts (results not shown; cf. Martins and Garland 1991; Diaz-Uriarte and Garland 1996). In contrast, there was a fairly wide range of outcomes for tests conducted over the 1,000 randomly constructed trees (see table 3 ). Martins (1996) suggested that analyses over random trees could provide a provisional estimate of the evolutionary correlation between two traits, in the Figure 7 : A, Scatterplot of the ahistorical correlation (AC) vs. absence of a phylogenetic hypothesis. However, the mean contrast correlation (CC) for all 496 pairwise combinations of correlation over a large set of random trees is equivalent the 32 traits in this study (cf. Price 1997, fig. 1 ; and Ricklefs and to the ahistorical correlation calculated in the absence Starck 1996, fig. 1) tribution of contrast correlations on random trees emphasizes the potential range of outcomes, and this could prove useful when no phylogeny is available to help decide whether and how much phylogenetic information is needed (Losos 1994). We only observed one test in which the correlations on the most parsimonious trees fell outside the range of outcomes over the random trees (test H 10 , table 3). Because the mean correlation on the ran-dom trees approximates the ahistorical correlation, this divergence, as measured by independent contrasts, and convergent evolution (e.g., the evolution of similar charoccurs when there is a large discrepancy between the ahistorical and evolutionary correlations (AC and CC). acter state values from different ancestral conditions).
Future work in this area needs to incorporate all of these As shown above, this discrepancy is most likely for traits with low homoplasy. Low levels of homoplasy may also components of evolution, the historical process and the resulting contemporary patterns, into analytical models suggest that the Brownian motion model of trait evolution is not a good choice; Brownian motion is inherently for the analysis of trait variation and covariation. Markovian and should lead to repeated evolutionary reAcknowledgments versals and parallelism. This suggests a paradoxical situation: if two traits do exhibit Brownian motion, the ahis-We are very grateful to a large number of people who contributed to this study. Phylogenetic analyses were torical and evolutionary correlations on average should generate the same result (Pagel 1993) . On the other conducted in close collaboration with S. Wiegrefe, who also provided DNA samples for many taxa. D. Holland hand, if the two correlations are very different, then the underlying model of Brownian motion that was used to and S. Sweet provided assistance in lab, field, and herbarium work. R. Cook and S. Spongberg provided support conduct the analysis is called into question, so the result may be least reliable in the very situation in which it is and permission for work at the Arnold Arboretum. In Japan, T. Hirose, K. Kikuzawa, and H. Tanaka were genermost interesting. Recently, Price (1997) provided an alternative model of correlated evolution based on niche ous hosts, and N. Anten, H. Ishii, C. Kranendonk, K.
Matsui, H. Ogawa, S. Sakai, and H. Tanaka assisted with partitioning that predicts consistent differences in the ahistorical and independent contrast correlations. Meth-fieldwork. T. Eriksson, D. Ferguson, D. Hibbett, and E.
Pine provided guidance with laboratory work and phyloods to distinguish random versus biologically meaningful variation between these measures of trait correlations genetic analyses. W. Maddison provided assistance with software development. Discussions and comments from need to be developed.
Overall, the development of explicit statistical models D. Baum, T. Garland, T. Givnish, D. Karpa, W. Maddison, E. Martins, K. Preston, T. Price, P. Reich, and M. of character evolution in a phylogenetic context has been extremely valuable as it has sharpened the distinction be-Sanderson greatly improved this article. This research was funded by a Putnam Fellowship from the Arnold Artween correlated evolutionary change and correlated phenotypic states in the resulting species. Further work is re-boretum of Harvard University and by National Science Foundation grant DEB 94-03252 to D.D.A. quired to understand the relationship between correlated Table A1 : List of species included in this study Table A1 (Continued) 
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